When a lactose operon regulator gene (i+) and a 3-galactosidase structural gene (z+) are transferred together by conjugation into an i-zEscherichia coli female, the z+ character is expressed immediately, even in the absence of an exogenous inducer, and j3-galactosidase is synthesized for 1 to 2 hr before normal repression becomes established. This period is thought to be the time required to accumulate effective amounts of cytoplasmic repressor (24) .
A number of recent reports, especially that of the isolation of an i gene protein by Gilbert and Muller-Hill (9), provide substantial evidence that the lac repressor is a protein or at least contains an essential protein component. However, the conflicting results of in vivo inhibitor studies have raised the possibility that repressor is not formed by the usual mechanisms of protein synthesis. Pardee and Prestidge (25) herd and DeMoss (31) found that chloramphenicol apparently stimulated its production. More recently, Barbour and Pardee (2) reported that treatment with puromycin or 4-methyltryptophan inhibited repressor synthesis, but they were unable to come to any definite conclusion regarding the effect of chloramphenicol. H. V. Rickenberg (Federation Proc. 26:678, 1967) found that repressor was apparently formed during chloramphenicol treatment, as well as during either tryptophan or cysteine starvation, but not during deprivation of methionine, arginine, isoleucine, or histidine. Horiuchi and Ohshima (13) are alone in reporting that chloramphenicol does inhibit repressor formation. They also found the puromycin treatment or methionine deprivation was completely inhibitory and that 5-methyltryptophan was partially inhibitory.
There has been no direct evidence that ribonucleic acid (RNA) synthesis is required for lactose repression. Horiuchi and Ohshima (13) reported that uracil deprivation did not prevent the establishment of repression, even though RNA synthesis was reduced to 4% of that in control cultures. Similarly, 5-fluorouracil treatment did not affect repression. Rickenberg (Federation Proc. 26:678, 1967 ) used borate treatment CASTER AND MELECHEN to inhibit RNA synthesis and found that the establishment of repression was not affected, dcspite an absence of measurable de novo RNA synthesis. Both groups of investigators have, therefore, suggested the possibility that the repressor is synthesized in an abnormal fashion, perhaps directly on the deoxyribonucleic acid (DNA) template.
We have studied the effect of inhibition of DNA, RNA, and protein synthesis upon the establishment of p-galactosidase repression in zygotes under conditions which reduce catabolite repression. In this paper, we present data which demonstrate that RNA synthesis is required for repressor formation and that inhibition of protein synthesis, by either chloramphenicol treatment or tryptophan deprivation, will delay the onset of repression. Our data support the view that the synthesis of repressor utilizes the usually accepted mechanisms of protein synthesis.
MATERIALS AND METHODS
Bacterial strains. The following are derivatives of E. coli K-12: x2l2, F-(Plkc) ara-2-leu-azir Tlr lacz-laci-s pro-3 T6r ade-3-trp-strr mtlh xyl-2-thi-; x434, Hfr OR5 prototroph lac+ T3r str5 (both obtained from Roy Curtiss, III); and SL67-101, a thy-derivative of X212 selected on aminopterinagar plates (5) . The X212 strain is stringent by the test of Alfoldi, Stent, and Clowes (1) .
Culture media. Liquid media were based on M63 medium (24) adjusted to pH 7.0 and supplemented with 0.125 mg/ml each of: DL-alanine, L-arginine HCl, L-asparagine H20, L-asparatic acid, Lcysteine -HCI, L-glutamic acid, L-glutamine, glycine, L-histidine, L-isoleucine, L-leucine, L-lysine * HCl, DL-phenylalanine, DL-serine, and L-threonine, and with 0.01 mg of thiamine per ml. Unless otherwise indicated, this medium received the following additional supplements: for overnight cultures, 0.05 mg/ml each of adenine, proline, tryptophan, and thymidine (when required), and 2.0 mg of glucose per ml; for logarithmic parental cultures, 0.05 mg of adenine per ml, 0.01 mg of proline per ml, 0.02 mg of tryptophan per ml, 0.02 mg of thymidine per ml (when required), and 2.0 mg of glycerol per ml.
Defined solid media were based on medium A (as used at Cold Spring Harbor Laboratory), which contained (milligrams per milliliter): K2HPO4, 10.5; KH2PO4, 4.5; Na citrate 5H20, 0.47; MgSO4, 0.05; (NH4)2SO4, 1.0; and agar, 15. To select Lac+ Strr recombinants, this was supplemented with streptomycin, 1.0 mg/ml; lactose, 2.0 mg/ml; adenine, proline, leucine, and tryptophan, 0.02 mg/ml each; and, when necessary, thymine, 0.1 mg/ml. Tryptone agar (Difco tryptone, 10 mg/ml; NaCl, 5 mg/ml; thiamine, 0.01 mg/ml; and agar, 15 mg/ml) was used when a complete medium was required.
Mating procedure. Except where indicated, cultures were maintained at 37 C with active aeration. Strains for mating were subcultured and grown to 2 X 10 to 4 X 108 cells/ml in the medium described above.
They were then centrifuged and resuspended in twofifths of the original volume in identical medium but without proline or glycerol. At t = 0, male and female cells in a ratio of about 3:7 were mixed in a thin layer of medium (adjusted with 1 N HCl to pH 6.3) in the bottom of a large flask and incubated without aeration for 35 min. The culture was then shaken violently, diluted fivefold in medium to which was added 1.0 mg of streptomycin per ml and 0.03 mg of sodium lauryl sulfate per ml (to inhibit the streptomycin-sensitive males and to prevent further mating), and then divided and treated as required. Isopropylfl-D-thiogalactopyranoside (5 X 10-4 M) was used to induce ,B-galactosidase. f3-Galactosidase assay. The assay for j3-galactosidase was adapted from Melechen (21) . To conserve materials in some experiments, 0.1-ml samples were diluted in 0.9 ml of chilled reducing buffer (27) with 0.01 ml of 5% sarcosyl and 0.01 ml of toluene, the incubation time was extended to allow adequate color development, and the optical density was read quickly at 420 miu against a reagent blank. The absorbance, measured in a Gilford model 2000 spectrophotometer, was proportional to enzyme concentration up to at least A4o = 2.80. No loss of enzyme activity was detected during incubation for as long as 300 min. One enzyme unit is defined by the release of 1.00 m,umole of o-nitrophenol per min.
Chemical assays. The chemical assays used to determine the concentration of macromolecules have been described previously (30 (28) . Induced and constitutive enzyme synthesis in the presence or absence of proline is shown in Fig. la . j3-Galactosidase synthesis in the absence of proline began only slightly later than in cultures to which proline was added when the mating was interrupted (35 min). Induction increased (3-galactosidase production even before the formation of effective levels of repressor, suggesting that a low level of inducer-specific repression occurs early in the zygotes. This phenomenon has been discussed by Barbour and Pardee (2) .
As a result of proline deprivation, the cell density in the cultures remained nearly constant (Fig. lb) , and protein synthesis was effectively restricted to the zygotes. Incorporation of 14C tryptophan into hot acid-insoluble material by unmated F-control cultures was inhibited at least 90% by proline deprivation. When macromolecular synthesis was measured colorimetrically in a zygote culture and compared with that in a homogeneous control culture (proline added at 35 min), the increase in protein concentration in the zygote culture (between 50 and 210 min after mating) was 1 When tryptophan deprivation was used to inhibit protein synthesis, some j-galactosidase appeared in the inhibited culture several hours after mating, suggesting that the tryptophan block was incomplete. This synthesis of enzyme during tryptophan starvation was completely inhibited by the addition of 50 ,ug of 5-methyltryptophan per ml (22) , which, therefore, was added at 35 min to tryptophan-starved zygotes from matings of x434 X x2l2. Figure 3a shows that, when tryptophan was added to starved zygotes at 80 min, both the induced and noninduced cultures underwent a period of accelerated f-galactosidase synthesis in which the rate of enzyme synthesis was greater than the initial rates in the corresponding controls. The constitutive level of sgalactosidase after tryptophan deprivation rose to about the same level as in the noninduced control. The onset of repression was not delayed. When the inhibition was not reversed until 120 min (Fig. 3b) synthesis should delay the onset of repression. We have tested this with two different inhibitors, 6-azauracil (11) and sodium borate (14) . Both treatments delay the onset of repression. Preliminary experiments indicated that these compounds meet two essential criteria for inhibitors of transcription; that is, (i) the amount of an inducible protein made in the presence of the inhibitor depends upon the extent of preinduction, and (ii) RNA synthesis is depressed earlier than protein synthesis by the inhibitor treatment.
Growth conditions are known to influence greatly the effectiveness of 6-azauracil (10, 11, 34) .
We obtained efficient inhibition of RNA Azauracil-induced inhibition was almost completely reversed by addition of uracil, in agreement with the report of Yates and Pardee (33) that azauracil inhibits the enzymes of pyrimidine biosynthesis. Figure 4 shows the effect of azauracil upon the establishment of repression in a mating of X434 X X212. Azauracil (0.1 mg/ml) was added to all cultures at 35 min. Uracil was added to the "control" cultures at 35 min and to the "inhibited" cultures at 80 min. Comparison of the amounts of f3-galactosidase made after 80 min reveals that, although the induced synthesis was reduced 35% after inhibitor treatment, the con- The borate ion is known to form negatively charged complexes with cis diols (3), including those in ribose (29) . This probably accounts for the inhibition of RNA synthesis in vivo reported by Hurwitz and Rosano (14) . We have confirmed their report that, within limits, the amount of ,Bgalactosidase produced in the presence of borate increases with the time of prior induction. Borate inhibition was very rapid; no f-galactosidase was produced if the inhibitor was added 1 min after induction. Similar rapidity was observed in inhibition of incorporation of 14C-tryptophan and 3H-adenine. Adenine incorporation was depressed immediately upon borate addition, and tryptophan incorporation was depressed soon thereafter. The depression of induced ,Bgalactosidase synthesis was less rapid, but was similar to that following actinomycin D treatment (17) . Figure 5 shows is the accumulation of a repressor precursor during inhibitory treatments, with the subsequent rapid synthesis of the active molecule (15) . For example, accumulation of messenger RNA has been reported during various types of protein inhibition (8, 12) , and such accumulation might explain the accelerated kinetics of (3-galactosidase synthesis which follows short periods of tryptophan deprivation (Fig. 3a) .
These factors, and others, acting singly or in combination, could produce a misleading negative result. For this reason, we believe that more credence can be given to experiments in which the establishment of repression was actually delayed by inhibitory treatment. The direct demonstration that the repressor is a protein (9) 
